This study examined the feasibility of removing amoxicillin (AMO) from aqueous solutions using multi-wall carbon nanotubes. The equilibrium adsorption data were analyzed using four widely applied isotherms: Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich. The results showed that the Langmuir isotherm model fits well the obtained experimental data. The adsorption process followed the pseudo-second-order model. The activation energy was found to be 19 kJ/mol. The Standard free energy changes, ΔG 0 , values were negative; the standard enthalpy change (ΔH 0 ), and standard entropy change (ΔS 0 ) values of the process were 4 kJ/mol and 36 J/mol.K. Results suggested that the AMO adsorption on carbon nanotubes was a spontaneous process.
INTRODUCTION
Pharmaceutical antibiotics have become one important class of contaminants of water resources (Choi et al. ) . They enter water sources via discharge from pharmaceutical sectors and wastewater plants (Rivera et al. ) . Antibiotics have been used in veterinary and human medicine for several recent decades, but they have potential risks for aquatic and terrestrial organisms after disposal into the environment (Aksu & Tunc ) . Approximately, an average of 11 million kg of antibiotics are used annually in agricultural activity in the USA (Zhang et al. ) . Amoxicillin (AMO) is considered to be one of the most important commercial antibiotics, due to its high bacterial resistance and large spectrum against a wide variety of microorganisms (Ghauch et al. ) . Wastewater containing AMO should be properly treated prior to release into the environment (Yaghmaeian et al. ) . Among the available methods of wastewater treatment, the adsorption process is considered as the most effective and efficient method (Bulut et al. ; Ding et al. ) . The adsorption process offers an extremely attractive method for environmental remediation. Commercially available adsorbents such as activated carbon are not efficient enough for the removal of AMO (Zazouli et al. ) .
Multiwall carbon nanotubes (MWCNTs) are innovative materials and have applications in wide areas like adsorption, separation, catalysis, and electronic devices (Upadhyayula et al. ; Gupta et al. ) . Due to their large specific surface area, small pore size, hollow and layered structures, MWCNTs have been proven to possess a great potential as adsorbents for removing organic and inorganic contaminants from aqueous solutions (Yao et al. ) .
In this study, MWCNTs treated with acid were used as a possible sorbent for the removal of AMO from aqueous solution. The objective of this study was to investigate the effect of AMO concentration, temperature, and contact time on the adsorption process. In addition, isotherm, kinetic and thermodynamic studies were performed for this process.
EXPERIMENTAL Materials
The AMO was of analytical grade (purity 99%) and was purchased from Sigma-Aldrich Corp., USA. The molecular weight of AMO is 365.4 mg/mol and its chemical formula is C 16 H 19 N 3 O 5 S. At first, the AMO stock solution (1,000 mg/L) was prepared and the desired concentrations were diluted from the stock solution.
MWCNTs were treated with nitric acid to create oxygen functional groups on the surface. The size and morphology of the MWCNTs were examined by scanning electron microscope (SEM) (JEOL JSM-6500F, USA) and transmission electron microscopy (TEM) (using a Philips XL30, USA). The specific surface area of the adsorbent was determined by the Brunauer-Emmett-Teller (BET) method using a Gemini 2357 surface area analyzer (Micromeritics Instrument Corporation, USA).
AMO adsorption
Batch adsorption experiments were performed using 200 ml glass bottles with the addition of 0.1 g purified MWCNTs and 100 ml of AMO solution by variation of the initial concentration (C 0 ) from 10, 50, 100, and 200 mg/L. The glass bottles were sealed and placed within a temperature controlled box to keep the water temperature constant. The pH of the samples was adjusted by adding 0.1 M HCl or 0.1 M NaOH to achieve a pH of 7 for each sample. The effect of temperature was evaluated at temperatures of 273, 293, 313 and 333 K at pH ¼ 7 (Zha et al. ) . At the end of the equilibrium period, the suspensions were separated for analysis of the AMO concentration. The amount of AMO adsorption at equilibrium q e (mg/g) was calculated from the following equation (Balarak et al. ) :
where C 0 and C e (mg/L) are the liquid-phase concentrations of AMO at initial and equilibrium, respectively, V (L) the volume of the solution and W (g) is the mass of adsorbent.
The concentration of AMO in a solution was measured using high-performance liquid chromatography (HPLC) (C18 ODS column) with a UV detector 2006 at a wavelength of 190 nm. The mobile phase was a mixture of buffer phosphate with pH ¼ 4.8 and acetonitrile with a volumetric ratio of 60/40 with an injection flow rate of 1 mL/ min; a steady flow was applied.
In the present work, the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich models, four classic adsorption models, were used to describe the adsorption equilibrium.
The Langmuir equation (Yao et al. ) :
The Freundlich equation:
The Temkin equation:
Dubinin-Radushkevich:
where q m is the theoretical maximum adsorption capacity per unit weight of the adsorbent (mg/g), K L , K F , K T are adsorption constants of the Langmuir, Freundlich, and Temkin models, respectively, and n is the Freundlich linearity index. Where q ¼ theoretical isotherm saturation capacity (mg/g); K ¼ Dubinin-Radushkevich isotherm constant (mol 2 /kJ 2 ) and ε ¼ Dubinin-Radushkevich isotherm constant.
The validity of the models was determined by calculating the standard deviation (SD) using:
where the subscripts q exp and q cal refer to the experimental and the calculated data, and n is the number of data points. The SD values are smaller than 10% for the Langmuir isotherm, suggesting that this model closely fitted the experimental results (Table 1) . Another important parameter is R L , which is called the separation factor or equilibrium parameter, also evaluated in this study. It is calculated from the relation (Zazouli et al. ):
where K L is the Langmuir constant and C 0 (mg/L) is the highest AMO concentration. The free energy, E, per molecule of adsorbate can be computed by the following equation:
The parameter ε can be calculated as:
where R, T, and C e represent the gas constant (8.314 J/mol K), absolute temperature (K) and adsorbate equilibrium concentration (mg/L), respectively.
The mean energy of adsorption is the free energy change. Its value in the range of 1-8 kJ/mol indicates physical adsorption, while its value in the range of 20-40 kJ/mol indicates chemisorption. Figure 1 displays the surface morphology of MWCNTs. The SEM and TEM figures show that the MWCNTs were cylindrical and the range of main external and internal diameters was 1-2 and 0.8-1.1 nm, respectively. The TEM analysis confirmed the hollow structure of the MWCNTs. The length of the MWCNTs was 5-15 μm. The specific surface area of the adsorbent used in this study was 712.9 m 2 /g.
RESULTS AND DISCUSSION

Adsorption isotherms
The adsorption isotherms of AMO on MWCNTs at 273, 293, 313 and 333 K are shown in Figure 2 . As is clear in Figure 2 , the capacity uptake (q e ) increased with the increasing AMO concentrations at the range of experimental concentration. This is a result of the increase in the driving force from the concentration gradient (Chatterjee et al. ) . In the same conditions, the greater concentration of AMO in solution resulted in covering the active sites of MWCNTs with greater AMO ions, and it resulted in higher AMO adsorption. Therefore, the values of q e increased with the increase of AMO concentrations. The increase of the q e with increased temperature indicated that the adsorption of AMO ions onto MWCNTs was endothermic in nature. The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm constants were determined from the plots of C e /q e against C e , ln q e versus ln C e , ln C e against q e and ln q e vs ε 2 , respectively, at 273, 293, 313 and 333 K. The results of fitting the models are shown in Figure 3 (a)-(d), and the fitting parameters for AMO are listed in Table 1 . Langmuir and Freundlich isotherm models were statistically significant at a 96% confidence level. It was found that the adsorption of AMO on MWCNTs correlated well (R 2 > 0.996) with the Langmuir equation as compared to the Freundlich equation (R 2 > 0.995) and Temkin equation (R 2 > 0.743) and Dubinin-Radushkevich (R 2 > 0.823) under the studied concentration range. Therefore, the Langmuir isotherm fits better compared with the Freundlich and Temkin isotherms in all conditions according to the correlation coefficients, indicating a monolayer adsorption process (Tor & Cengeloglu ; Wu ) .
The maximum adsorption capacity of AMO on MWCNTs was 32. 28, 34.11, 38.15 and 42.25 mg/g at 273, 293, 313 and 333 K, respectively. The maximum adsorption capacity of some adsorbents for different antibiotics is presented in Table 2 .
The Langmuir constants K L and q m were calculated from this isotherm, and their values are listed in Table 1 . The value of R L indicates the type of the isotherm to be either unfavorable (R L > 1), linear (R L ¼ 1), favorable (0 < R L < 1) or irreversible (R L ¼ 0). R L values for AMO adsorption onto MWCNTs were less than 1 and greater than zero, indicating favorable adsorption (Table 1) .
The values of E in the present case (Table 1) were determined at different temperatures and found to lie between 2.85 and 5.96, corresponding to physical adsorption.
The n is the Freundlich constant, an indication of how favorable the adsorption process is. It is generally stated that values of n in the range 2-10 represent good, 1-2 moderately difficult, and less than 1 poor adsorption characteristics (Kakavandi et al. ) . The studied materials are good adsorbents for AMO (n > 2). The slope 1/n ranging between 0 and 1 is a measure of adsorption intensity or surface heterogeneity, becoming more heterogeneous as its value gets closer to 0.
The current adsorbent's adsorption capacity Q m is compared with those of the other types of reported adsorbents in Table 2 . It is interesting to see that the current adsorbent shows comparable performance. Table 2 depicts the maximum adsorption capacities (q max ) of some adsorbents.
Effect of contact time and adsorption kinetics
The effect of temperature on the adsorption rate of AMO on MWCNTs was investigated at 273, 293, 313 and 333 K. Figure 4 shows the effect of contact time on AMO adsorption on MWCNTs carried out at different temperatures. The adsorption capacity was observed to be 26. 14, 27.73, 41.63 and 159.4 at 273, 293, 313 and 333 K at an equilibrium time of 75 min, respectively, which reveals that the process is endothermic. The adsorption is initially (contact time < 30 min) rapid, and then slows. The remaining vacant surface sites were difficult to occupy because of the repulsive forces between the AMO molecules on the MWCNTs and the bulk phase.
In order to investigate the adsorption processes of AMO on MWCNTs, kinetic analysis was conducted using pseudofirst and second order and intraparticle diffusion models. The Lagergren model (pseudo-first-order) is one of the most widely used adsorption rate equations for the adsorption of solute from a liquid solution. The pseudo-first-order equation can be expressed as the following equation:
ln q e À q t ð Þ ¼ln q e À k l t
where q e (mg/g) and q t (mg/g) are the amounts of AMO adsorbed at equilibrium and at time t, respectively; K 1 (min À1 ) is the pseudo-first-order rate constant. A straight line of ln (q e À q t ) versus t suggests the applicability of this kinetic model, and q e and k 1 can be determined from the intercept and slope of the plot, respectively. The pseudo-second-order model is in the following form:
where k 2 (g/mg.min) is the rate constant of the second-order equation. The plot of t/q t versus t should give a straight line if the pseudo-second-order kinetic model is applicable, and q e and K 2 can be determined from the slope and intercept of the plot, respectively.
The intraparticle diffusion equation is expressed as:
where K (mg/g.min 1/2 ) is the rate constant of the intraparticle diffusion model. The values of K and C can be determined from the slope and intercept of the straight line of q t versus t 0.5 . For evaluation of the kinetics of AMO-MWCNT interactions, the pseudo-first-order, pseudosecond-order and intraparticle diffusion models were used to fit the experimental data. The pseudo-first-order rate constant K 1 and the value of q e cal were calculated from the plot of ln (q e -q t ) versus t, and the results are given in Table 3 . The correlation coefficient (R 2 ) is relatively too low, which may be indicative of a bad correlation. In addition, q e cal determined from the model is not in good agreement with the experimental value of q e exp . Therefore, the adsorption of AMO onto MWCNTs is not suitable for the first-order reaction. From Table 3 , the value of C obtained from the intraparticle diffusion model is not zero, and the correlation coefficient is not satisfactory. This indicates that intraparticle diffusion may not be the controlling factor in determining the kinetics of the process. The linear plot of t/q t versus t for the pseudo-second-order kinetic model is shown in Figure 5 . The pseudo-second-order rate constant K 2 and the value of q e cal were determined from the model and the results are presented in Table 3 . The value of the correlation coefficient is very high (R 2 > 0.995) at all temperatures, and the calculated q e cal value is closer to the experimental q e exp value. The above results demonstrate that the pseudosecond-order kinetic model provided a good correlation for the adsorption of AMO onto MWCNTs, in contrast to the pseudo-first-order and intraparticle diffusion model.
Thermodynamic analyses
Thermodynamic parameters provide in-depth information on inherent energetic changes associated with adsorption; therefore, these parameters should be accurately evaluated.
The variation of ΔG 0 , ΔH 0 and ΔS 0 were calculated to elucidate the process of adsorption. The Langmuir isotherm was applied to calculate the thermodynamic parameters with the following equations:
where K L is the Langmuir equilibrium constant (L/mol); R is the gas constant (8.314 × 10 À3 kJ/molK), and T is temperature (K). ΔH is the change in the enthalpy; ΔG is the change in the free energy, ΔS is the change in the entropy. Table 4 presents the thermodynamic parameters at various temperatures. The negative values confirm the feasibility of the process and the spontaneous nature of the adsorption. The values of ΔG 0 were found to decrease from À9.18 to À17.4 kJ/mol using the equilibrium constant (K L) . The decrease in the negative value of ΔG 0 with an increase in temperature indicates that the adsorption process of AMO on MWCNTs becomes more favorable at higher temperatures. The values of ΔH 0 and ΔS 0 calculated from the plot of ln (K L ) versus 1/T were given as 4 kJ/mol and 36 kJ/mol.K, respectively. The ΔH 0 of physisorption is smaller than 40 kJ/mol. Based on ΔH 0 , this study suggested that the adsorption of AMO onto MWCNTs was a physisorption process. The value of ΔH 0 was positive, which clarifies that the adsorption reaction was endothermic. The positive value of ΔS 0 reflects the affinity of MWCNTs for AMO adsorption and suggests some structural changes in AMO and MWCNTs.
CONCLUSION
This study was conducted to evaluate AMO adsorption efficiency onto MWCNTs and to study the isotherm, kinetic and thermodynamic of the process. The results clarified that MWCNTs can be used an effective adsorbent for AMO removal from aqueous solution. In addition, it was found that the adsorption capacity is increased with increasing temperature. The equilibrium results were analyzed using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models. The results showed that the Langmuir isotherm model fitted well to the obtained experimental data. Thermodynamic analyses indicated that the adsorption of AMO onto MWCNTs was endothermic and spontaneous; additionally, the adsorption of AMO onto MWCNTs was via a physisorption process. 
